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Abstract Three nanocrystalline alloys, Fe75-xCox(Ni70
Zr30)15B10 (x = 0, 10, and 20), were synthesized from ele-
mental powders in a planetary high-energy ball mill. Their
microstructure, magnetic properties, and thermal stability
were characterized by X-ray diffraction, transmission Mo¨ss-
bauer spectroscopy, transmission electron microscopy, scan-
ning electron microscopy, induction coupled plasma,
vibrating sample magnetometry, and differential scanning
calorimetry. After 80 h of milling, the nanocrystallites size of
alloys is in the range 6–10 ± 1 nm. The lattice parameter
decreases when increasing (decreasing) milling time (Fe
content). Furthermore, the thermal stability of the nanocrys-
talline phase increases when increasing Co concentration. The
activation energy of the main crystallization process, between
275 ± 8 and 311 ± 10 kJ mol-1, is associated with grain
growth. Slight contamination from milling tools and milling
atmosphere was detected. Minor differences were detected
after Mo¨ssbauer analysis.
Introduction
In the last decades, it has been proved that non-equilibrium
phases such as amorphous, quasicrystalline, and nanocrys-
talline can be prepared by means of the mechanical alloying
(MA) process [1–4]. During mechanical alloying, powder
particles are subjected to severe mechanical deformation by
collision with milling media and are repeatedly deformed,
cold-welded and fractured, favoring diffusion. Nanocrys-
talline materials have attracted considerable interest due to
their interesting technological applications including ductile
ceramics, hydrogen storage materials, and unusual magnetic
behavior [5, 6]. Particularly, nanocrystalline Fe–(Zr, Nb)–B
alloys containing bcc-Fe nanocrystallites are of interest as
soft magnetic materials [7, 8]. The substitution of small
amounts of Co or Ni for Fe in Fe-based magnetic materials
generally results in an increase of saturation magnetization
[9]. Furthermore, it is known that the use of Ni favors the
development of metastable structures at low milling times
[10]. The purpose of this study is to analyze the structural and
thermal changes induced by partial substitution of Fe by Co
in nanocrystalline Fe(Co)-based alloys produced by MA.
Experimental procedure
The alloys were prepared by milling elemental Fe, Co, B
and prealloyed Zr–Ni powders (purity of 99.9% or more
and particle size below 125 lm) in a planetary ball mill
(Fritsch P7) using stainless steel balls and vials (capacity:
50 mL). The milling was performed at 700 rpm (disk and
vials) under Ar atmosphere. The ball-to-powder mass
ratio was 5:1. Powder extractions for analysis were carried
out after 10, 20, 40, and 80 h of MA. Three alloys
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were produced: Fe75-xCox(Ni70Zr30)15B10 (x = 0, 10, and
20 at.%) and labeled as A, B, and C, respectively.
The structural analysis was performed by X-ray dif-
fraction (XRD) using a D-500 Siemens equipment with Cu
Ka radiation. The analyses of the patterns were performed
using the Rietveld refinement with the MAUD program
[11]. Complementary observation and analysis were per-
formed with transmission scanning microscopy (TEM) on a
CM200 Philips microscope. Magnetic measurements were
performed using a vibrating sample magnetometer (VMS)
in a Lake-Shore device. Transmission Mo¨ssbauer spectra
were measured with a conventional spectrometer working
at room temperature and using a 25 mCi source of 57Co in
a Rh matrix. The samples’ thermal characterizations were
carried out by differential scanning calorimetry (DSC)
under an argon atmosphere in a Mettler-Toledo’s DSC822
equipment. DSC experiments were performed at heating
rates ranging from 2.5 to 40 K/min. The morphology and
composition study were performed with scanning electron
microscopy (SEM) on a DSM960A Zeiss microscope with
energy dispersive X-ray microanalysis (EDX) and with
induced coupled plasma (ICP) on a Liberty-RL ICP Varian
spectrometer.
Results and discussion
The formation of the nanocrystalline structure during
mechanical alloying was followed by X-ray diffraction. As
the milling time increases, the peaks due to minor phases
disappear while the bcc-Fe peaks broaden and their inten-
sities decrease. As an example, Fig. 1 shows the XRD
spectra corresponding to the alloy C at different milling
times. The solid solution is formed after 20–40 h of mill-
ing. Milling for longer times can favor the homogeneity of
the solid solution formed. The resultant diffraction spectra
were analyzed using the Rietveld method, see Table 1. The
final structure of the materials is a Fe-rich bcc solid solu-
tion. The general trend is an increase (decrease) of lattice
strain (crystal size) when increasing the milling time. The
nanocrystallites formed after 80 h of milling were about
6–10 ± 1 nm in average size. The lowest value corre-
sponds to alloy A (alloy without Co). The lattice strain
observed, between 0.687 ± 0.008 and 0.755 ± 0.008% at
80 h, is in concordance with typical values of distorted
lattices. To analyze the milling process, the representation
of the internal lattice strain versus the reciprocal crystallite
size is shown in Fig. 2. In a first step, there is a diminution
of the crystallite size and an increase of the internal lattice
strain. In a second step, the internal stress increases with
milling time whereas crystallite size remains nearly con-
stant. An increase of the lattice strain index indicates an
increase in the density of crystallographic defects [12]. The
lattice parameter values of the bcc-Fe solid solution are
influenced by other alloys components especially after
longer milling.
Micrographs obtained by transmission electron micros-
copy confirm the existence of zones with a nanometric
structure. As an example of characteristic TEM images of
these alloys, Fig. 3 shows micrographs corresponding to
alloy A milled for 80 h with three selected zones corre-
sponding to nanocrystals with 5–10 nm in size, in con-
cordance with XRD results.
Complementary structural analysis was performed by
Transmission Mo¨ssbauer spectroscopy. All the spectra
were fitted using a magnetic hyperfine field histogram
distribution and the Hesse-Ru¨bartsch method, including a
linear correlation between the isomer shift and the mag-
netic field. Figure 4 shows the TMS spectra and Mo¨ssbauer
parameters are given in Table 2. All samples show the
sextet associated to bcc-Fe-rich solid solutions. Usually, Co
introduction increases the hyperfine magnetic field and the
introduction of non-magnetic elements diminishes it. Fur-
thermore, two minority paramagnetic phases are necessary
to adjust the Mo¨ssbauer spectra of alloy without Co. This
interaction is a one-peak distribution, probably corre-
sponding to a low moment (LM) Fe-rich FCC phase called
antitaenite [13] with isomer shift IS = 0.02 mm/s, and a
doublet with hyperfine parameters IS & 0.24 mm/s and
quadrupolar splitting QS & 0.34 mm/s. Figure 5 shows
the hyperfine field distributions of alloys milled during
80 h. The peak position is higher than 33.1 T (value
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Fig. 1 XRD patterns of alloy C milled at different milling times:
a 0 h, b 10 h, c 20 h, d 40 h, and e 80 h
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corresponding to bcc-Fe) due to solid solution in this
multicomponent system [14]. Furthermore, alloys with Co
have a wider peak probably due to a poor homogeneity of
the solid solution (especially in alloy C). This fact can
explain the lower value of average magnetic field of alloy
C (20% Co) if compared with alloy B (10% Co).
The magnetic properties of as milled alloys, i.e., coer-
civity Hc and saturation magnetization Ms for 80 h of
milling are given in Table 3. The saturation magnetization
increases as increasing the Co content. The values change
from 108 to 123 emu/g. Furthermore, a slight increase on
the coercivity was also found (from 95 to 104 Oe). Similar
values were found in a Fe60Co10(Ni70Zr30)15B15 alloy [15].
The general characters of the DSC traces for all com-
positions are similar. Figure 6 shows the results corre-
sponding to alloys A, B, and C milled for 80 h. The broad
exothermic process starting at *420–450 K might be due
to the relief of internal stress [16, 17]. In all alloys, two
additional exothermic processes were detected: a low-
temperature process beginning at *600 K, and the main
process beginning at *800 K. The apparent activation
energies, E, for the crystallization processes of alloys were
evaluated using the Kissinger method. For the first process,
the values obtained, between 146 ± 5 and 154 ± 7 kJ/mol,
can be associated to early surface crystallization (particle
surface) of the nanocrystalline phase obtained after mill-
ing, and also to the relief of internal stress [18]. The
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Fig. 2 XRD parameters evolution. Relation between crystallite size
and internal lattice strain
Fig. 3 TEM micrograph corresponding to alloy A
Table 1 Microstructural parameters of Fe75-xCox(Ni70Zr30)15B10 (x = 0, 10, and 20) powders corresponding to bcc-Fe-rich solid solution
Time
(h)
A (x = 0) B (x = 10) C (x = 20)
A (nm)
± 3 9 10-4
L (nm)
± 1
hr2i1/2%
± 8 9 10-3
A (nm)
± 3 9 10-4
L (nm)
± 1
hr2i1/2%
± 8 9 10-3
A (nm)
± 3 9 10-4
L (nm)
± 1
hr2i1/2%
± 8 9 10-3
10 0.2867 10 0.154 0.2867 16 0.135 0.2866 15 0.187
20 0.2875 8 0.248 0.2867 10 0.506 0.2860 13 0.667
40 0.2873 7 0.709 0.2865 8 0.765 0.2856 9 0.690
80 0.2865 6 0.704 0.2864 8 0.755 0.2858 10 0.687
The errors given are an upper limit
A lattice parameter, L crystallite size, hr2i1/2 lattice strains
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values obtained for the main phase, between 275 ± 8 and
311 ± 10 kJ mol-1, can reasonably be associated with a
grain growth process [19]. Similar values were found in
alloys with similar composition [20]. Thermal stability is
associated with high activation energy and crystallization
temperature. Figure 7 shows activation energy as a function
of Co at.% (left) and as a function of the peak crystallization
temperature (right). The nanostructure of alloy C after 80 h
of milling (containing 20 at.% Co) is the most stable front
the grain growth process (higher activation energy and peak
temperature).
Fig. 4 Mo¨ssbauer spectra corresponding to alloys milled for 80 h
Table 2 Mo¨ssbauer parameters: average hyperfine magnetic field
(BHF), isomer shift (IS), and quadrupolar splitting (QS)
Simple Phase BHF/T IS/mm s-1 QS/mm s-1 Area (%)
A Bcc-Fe-rich 31.1(2) 0.04(1) -0.02(1) 96
Doublet – 0.02(1) – 2
Singlet – 0.24(1) 0.34(1) 2
B Bcc-Fe-rich 33.1(1) 0.029(3) -0.002(3) 100
C Bcc-Fe-rich 32.4(2) 0.029(1) -0.005(3) 100
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Fig. 5 Hyperfine field distributions corresponding to alloys milled
for 80 h
Table 3 Magnetic properties of alloys milled during 80 h
Time
(h)
A (x = 0) B (x = 10) C (x = 20)
Ms
(emu/g)
Hc
(Oe)
Ms
(emu/g)
Hc
(Oe)
Ms
(emu/g)
Hc
(Oe)
80 108 95 114 97 123 104
Ms saturation magnetization, Hc coercivity
Fig. 6 DSC scans corresponding to alloys milled for 80 h
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Fig. 7 Apparent activation energies obtained from Kissinger method
of the crystallization process detected in DSC scans of alloys milled
for 80 h: as a function of Co content (left) and as a function of peak
temperature (right)
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The contamination measured by EDX and ICP in the
powdered alloys increases with milling time. Nevertheless,
the results show only slight (\0.6 at.%) contamination
from Cr in all alloys after 80 h of MA. Similar results are
reported in other Fe-rich alloys [21, 22], whereas other
authors found higher contamination from milling tools
[23]. Contamination is similar in all samples and its
influence is probably negligible in the structural and ther-
mal differences detected.
Conclusions
Several nanocrystalline alloys, Fe75-xCox(Ni70Zr30)15B10
(with x = 0, 10, and 20 at.%) were produced after 80 h of
mechanical alloying. The partial substitution of Fe by Co
favors the formation of a Fe-rich nanocrystalline alloy with
high thermal stability regarding crystalline growth (by
increasing both the temperature and the activation energy
of the main crystallization process). Furthermore, the sat-
uration magnetization increases as increasing the Co con-
tent (from 108 to 123 emu/g). From XRD analysis, the
mean crystallite size of the bcc-Fe-rich solid solution ran-
ges between 6 ± 1 (alloy without Co) and 10 ± 1 nm as
determined by XRD and TEM. The crystallite size and
lattice strain analysis show the presence of several steps:
diminution of the crystallite size and increasing of the
internal lattice strain and an increase of internal stress
whereas crystallite size remains nearly constant.
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